Leukemia inhibitory factor inhibits neuronal terminal
differentiation through STAT3 activation
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The discovery of stem cells in the adult central nervous system
raises questions concerning the neurotrophic factors that regulate
postnatal neuronal development. Olfactory receptor neurons
(ORNs) are a useful model, because they are capable of robust
neurogenesis throughout adulthood. We have investigated the
role of leukemia inhibitory factor (LIF) in postnatal neuronal
development by using ORNs as a model. LIF is a multifunctional
cytokine implicated in various aspects of neuronal development,
including phenotype determination, survival, and in response to
nerve injury. LIF-deficient mice display significant increases, both in
the absolute amount and in the number of cells expressing olfac-
tory marker protein, a marker of mature ORNs. The maturation of
ORNs was significantly inhibited by LIF in vitro. LIF activated the
STAT3 pathway in ORNSs, and transfection of ORNs with a dominant
negative form of STAT3 abolished the effect of LIF. These findings
demonstrate that LIF negatively regulates ORN maturation via the
STAT3 pathway. Thus, LIF plays a critical role in controlling the
transition of ORNs to maturity. Consequently, a population of
ORNs is maintained in an immature state to facilitate the rapid
repopulation of the olfactory epithelium with mature neurons
during normal cell turnover or after injury.

he concept that neurons are terminally differentiated and

not replaced in the adult central nervous system was chal-
lenged with the discoveries of stem cells and neurogenesis in the
adult mammalian nervous system (1-5). This finding raises the
possibility that stem cells may be manipulated in the context of
factors that regulate neurogenesis during adulthood to replace
damaged neurons. However, our understanding of these factors
is limited.

Several classes of factors are implicated in neurogenesis. The
most extensively studied factors involved in neuronal develop-
ment are neurotrophins (6). Neurotrophins act by means of
receptor tyrosine kinases and regulate neural survival, function,
and plasticity. Neuropoietic cytokines are also implicated in
neurogenesis (7). Different from neurotrophins, cytokines act by
means of cytosolic tyrosine kinases. Members of this family
interact with multimeric cell surface receptors containing as a
common glycoprotein subunit termed gp130 (8). A member of
this family, leukemia inhibitory factor (LIF), is a multifunctional
cytokine originally identified as a factor that inhibits prolifera-
tion and induces differentiation of macrophages (9). LIF acts on
neurons as well as many other cell types. LIF influences neuronal
survival (10) and differentiation in the peripheral nervous
system (11), induces the switch of neurotransmitter expression in
sympathetic neurons (12-14), stimulates glial development (15,
16), is induced in sensory neurons in response to trauma (17-19),
and is up-regulated in olfactory epithelium after bulbectomy
(20, 21).

To evaluate factors that regulate neuronal development, a
number of models have been developed. Because of its cytoar-
chitecture, ongoing postnatal neurogenesis, and the availability
of in vitro models, the olfactory epithelium is a useful model to
evaluate factors that regulate in particular postnatal neuronal
development (22). The olfactory epithelium is composed of
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immature and mature olfactory receptor neurons (ORNs), non-
neuronal sustentacular cells, and basal cells, some of which are
progenitor cells for ORNs (23-27). Although a number of factors
are implicated as relevant to various aspects of olfactory neu-
rogenesis, the factors that control the transition from immature
to mature neuron are unknown. This is an important transition
point, as the maintenance of a population of immature neurons
(as opposed to basal or stem cells) facilitates the rapid repopu-
lation of the olfactory epithelium with mature neurons during
normal cell turnover or after injury.

As they differentiate, ORNs move apically in the epithelium,
permitting determination of neuronal age by position. As they
mature, ORNs express olfactory transduction mechanisms, such
as adenylyl cyclase type III (ACIII) (28, 29), an olfactory
receptor neuronal-enriched G protein (Gor) (30), and olfactory
marker protein (OMP). OMP is a cytosolic acidic protein found
in ORNSs (31, 32). OMP is present only in differentiated ORNs
(31), and thus OMP is widely accepted as a marker for maturity.
Here, we investigated the influence of LIF on postnatal neuronal
development by using ORNs as a model system.

Materials and Methods

LIF-Deficient Mice. LIF-deficient mice are a kind gift from S.
Landis at the National Institute of Neurological Disorders and
Stroke (Bethesda). Male mice, 4-6 weeks old, were used. All
experimental protocols were approved by the Johns Hopkins
University Institutional Animal Care and Use Committee, and
all applicable guidelines from the National Institutes of Health
Guide for the Care and Use of Laboratory Animals were followed.

Antibodies. Rabbit anti-ACIII, anti-GFP (green fluorescent
protein), anti-gp130, anti-Jak2, anti-LIFRpB, anti-STATI,
anti-STAT3, and anti-Tyk2 (tyrosine kinase 2) antibodies
were purchased from Santa Cruz Biotechnology. Anti-
phosphoSTAT1 and phosphoSTAT3 (Tyr-705) were obtained
from Cell Signaling Technology (Beverly, MA). Monoclonal
mouse antibody against monomeric actin was obtained from
Developmental Studies (Hybridoma Bank). Goat anti-OMP
and rabbit anti-O/E-1 (Olf-1/EBF-like protein) antibodies
were kind gifts from F. Margolis (University of Maryland,
Baltimore) and R. Reed (Johns Hopkins University),
respectively.

Primary Culture of ORNs. Cultures were prepared as described (33),
with some modifications. Cells were plated at a density of 6 X
10° cells per cm? on culture plates coated with 25 pg/ml laminin
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(Collaborative Research). Cultures were placed in a humidified
37°C incubator receiving 5% CO,. On day 2 and every day
thereafter, cells were fed with modified Eagle’s medium con-
taining D-valine (MDV, GIBCO/BRL), 0.5% dFCS, 50 units/ml
gentamycin, 100 ug/ml kanamycin, and 2.5 ug/ml amphotericin
B. Depending on culture conditions, nerve growth factor (NGF)
or LIF were added to the culture medium at concentrations of
25 ng/ml and 10 ng/ml, respectively.

In Situ Hybridization. To generate cRNA probes, plasmid (pAC-
CMV) containing the full coding sequence for mouse LIF cDNA
was used. The plasmid was a kind gift from P. Patterson
(California Institute of Technology, Pasadena). The plasmid was
subcloned into pBluescript SK (Stratagene). For OMP, the
entire coding sequence of OMP cloned in the Bluescript plasmid
(kind gift from F. Margolis) was used. Sense and antisense
digoxigenin-labeled cRNA probes were generated by in vitro
transcription with T3 and T7 RNA polymerase (Boehringer
Mannheim). Because of its long size, LIF transcripts were base
hydrolyzed to an average size of 700 bp and used for the study.
In situ hybridization was performed according to published
protocols (34) with modifications. Immunoreactivities were de-
tected by alkaline phosphatase-conjugated anti-digoxigenin an-
tibody (Boehringer Mannheim; 1:2,500 dilution), nitroblue tet-
razolium, and X-phosphatase color detection (Boehringer
Mannheim). To distinguish olfactory epithelium from regions of
the developing respiratory epithelium, adjacent sections of de-
veloping tissue were analyzed by immunohistochemical localiza-
tion of OMP.

Gel Electrophoresis and Immunoblot. Protein samples prepared
from nasal turbinates of adult rat, mouse, or total lysates of
primary cultures were subjected to SDS/PAGE (protein loaded:
rat 40 pg, mouse 30 ug, primary culture 5 X 103 cells),
transferred to nitrocellulose membrane, and probed with pri-
mary antibodies. The primary antibodies were used at 1:1,000
dilutions, except anti-OMP antibody (1:2,500). The secondary
antibodies were horseradish peroxidase-conjugated IgGs
(Boehringer Mannheim; 1:10,000 dilution). The immunoblots
were visualized by using enhanced chemiluminescence kit (Am-
ersham Pharmacia). For quantification analysis, film was
scanned on UM AX Powerlook 1100 as tiff format and quantified
by using NIH IMAGE software (version 1.62; http://rsb.info.
nih.gov/nih-image).

Gel Retardation and Supershift Assay. The double-stranded DNA
probe for STAT3 binding was obtained from Santa Cruz Bio-
technology. The probe sequence is designed from the consensus
DNA sequence of SIE (sis-inducing element), 5'-GATCCTTCT-
GGGAATCCTAGATC-3" with the DNA binding sites indicated
in boldface. After stimulation of ORN primary cultures with
cytokines, nuclear extracts were isolated as described (35), mixed
with radiolabeled probe, and incubated for 15 min. Samples were
run on nondenaturing 4% polyacrylamide gels, dried, and ex-
posed to X-Omat films (Kodak). For antibody supershift assays,
nuclear extracts were mixed with anti-STAT3 antibodies at 1:25
dilution.

Immunohistochemistry. Mice are anesthetized with xylaket (45
mg/kg, i.p.) and perfused transcardially with PBS followed by
Bouin’s fixative (Sigma). Olfactory tissues are dissected and
postfixed for 2 h in Bouin’s fixative and then sequentially sunk
in 10%, 20%, and 30% (wt/vol) sucrose each for 24 h. Blocks are
embedded in Tissue-Tek (Miles, Elkhart, IN), stored at —70°C
until use, and then sectioned in a cryostat at 18 um. For primary
cultures on slides, ORNSs were fixed with an ice-cold mixture of
methanol/acetone (50:50). Labeling with primary antibodies
was detected by using an avidin-biotin-peroxidase kit (Elite kit,
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Vectastain) and visualized with diaminobenzidine or other
chromagens. The primary antibodies were used at 1:1,000 (O/
E-1), 1:5,000 (OMP), and 1:200 dilutions (phospho-STAT?3).

Immunofluorescence. Primary cultures of ORNs on glass cover-
slips were fixed with an ice-cold 4% paraformaldehyde in 4%
sucrose for 20 min at 4°C. Permeabilization was followed in 0.2%
Triton X-100 for 10 min at 4°C. Then, cells were incubated in
100% methanol for 10 min at 4°C. After rinsing three times with
PBS, cells were blocked with 10% normal donkey serum for 60
min at room temperature, and incubated with rabbit anti-GFP
(1:2,000) and goat anti-OMP (1:5,000) antibodies overnight at
4°C. On the next day, cells were washed with PBS three times,
and incubated with donkey anti-goat rhodamine-conjugated
antibody (1:100) and anti-rabbit fluorescein-conjugated antibod-
ies (1:50) (Jackson ImmunoResearch) in 10% normal donkey
serum for 1 h at room temperature. The slides were rinsed with
PBS three times, and mounted with aquapolymount.

Construction and Transfection of pEGFP-STAT3(Y705F) Vectors. Dom-
inant negative STAT3 was obtained by mutation of Stat3 Tyr-705
to phenylalanine (Y705F) (36). To construct pEGFP-STAT3
(Y705F) vector, the coding sequence of mouse STAT3 (Y705F)
was fused in frame with the pEGFP-C1 plasmid (CLONTECH).
Transfections of vectors were performed by using Helios Gene
Gun System (Bio-Rad). DNA vectors were coated on gold
microcarriers (0.6 um). For the transfection experiments, pri-
mary cultures of rat ORNs were prepared and incubated in 15%
dFBS medium without neurotrophic factors overnight. On the
next day, the medium was changed to a medium containing 0.5%
dFCS medium. Then, the DNA/microcarriers were fired at the
cultures. The cells were incubated in the conditioned medium for
16 h, and then changed into media containing NGF (25 ng/ml)
either with or without LIF (100 ng/ml).

Results

OMP Expression Is Increased in LIF-Null Mice. Understanding the
functions of LIF has been facilitated by the availability of mice
with targeted disruption of the LIF gene (37). We first examined
the expression of OMP in the olfactory epithelium of LIF-
deficient mice (Fig. 1). Consistent with previous reports (31, 38),
OMP was expressed in the most apical ORNs, and decreased in
ORNS s located in more basal regions of the olfactory epithelium
of wild-type (WT) mice (Fig. 1a). In LIF-deficient mice, OMP
was increased, in terms of the intensity of immunoreactivity (Fig.
1b) and in terms of the absolute amount as determined by
Western blot analysis (Fig. 1g). In addition, the number of
OMP-positive cells was significantly increased in the olfactory
epithelium compared with WT littermates (169.90% =+ 4.83%),
P < 0.0 01; Fig. 14). We next examined the expression of ACIII,
a protein expressed in the cilia of mature ORNs in olfactory
epithelium (29). As ORNs mature, the cilia projects into the
nasal lumen (28, 39). ACIII converts environmental signals
(odors) into a biochemical signal (cAMP) (28). ACIII was highly
localized to neuronal cilial layer in WT mice, as reported (28, 29)
(Fig. 1 ¢ and d). Compared with WT mice, LIF-deficient mice
displayed higher intensity of ACIII immunoreactivity (Fig. 1d),
and about 60% increased expression of ACIII as determined by
Western blot (Fig. 1g).

An increase in the number of OMP-positive cells in LIF null
mice could reflect one of several disturbances to olfactory
receptor neuronal development, including a global increase in
the number of cells of the ORN lineage, or an increase specif-
ically in the number of mature ORNs in the population. O/E-1
is a transcription factor expressed in cells of the ORN lineage,
and plays an important role in ORN differentiation (40). O/E-1
is therefore a useful marker to identify the total number of cells
in the ORN lineage present in the epithelium. O/E-1 immuno-
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Fig. 1. Expression of OMP, ACIll, and O/E-1 in olfactory epithelium. (a—d)
Immunoreactivity was assessed in WT (a, ¢, and e) and LIF-deficient mice (b, d,
and f) for OMP (a and b), AClIl (cand d), and O/E-1 (e and f). Ax, axon bundle;
BV, blood vessel; OE, olfactory epithelium; LP, lamina propria; SCL, sustentac-
ular cell layer. The dotted line represents the basal lamina. (g) Expression of
OMP and ACIIl in WT (+/+) and LIF-null mice (—/—) was assessed by immu-
noblot. Equal loading of the protein samples was confirmed by probing for
monomeric actin. (h) Summary of OMP and O/E-1 staining in olfactory epi-
thelium. Cells in areas of 0.04 mm?2 (0.2 X 0.2 mm; width X height) were
counted. Data represent the mean = SEM of cell numbers counted in at least
10 different areas from three independent experiments. Statistical signifi-
cance is indicated as *** (P < 0.0001, Student’s t test).

staining was similar in the olfactory epithelium of WT and
LIF-null mice (Fig. 1 e and f). The number of cells expressing
O/E-1 was not significantly different between WT and LIF null
mice (Fig. 14). These results suggest that LIF does not influence
the absolute number of ORNSs, but affects the expression of
OMP and ACIII, and hence the degree of maturation of ORNs.

LIF and Components of Its Signaling Cascade Are Expressed in ORNs.
To gain insight into the mechanism by which LIF influences
ORN maturation, the expression of LIF and its signaling path-
ways in the olfactory epithelium was determined (Fig. 2). LIF
mRNA was present in the mouse olfactory epithelium (Fig. 2a).
LIF message was expressed throughout most layers of the
epithelium where immature and mature ORNs are expressed,
excluding regions occupied by sustentacular cells or basal cells
(Fig. 2a). No signal for LIF message was detected by using
olfactory epithelium from LIF-null mice (Fig. 2b), or when sense
probes for LIF on olfactory epithelium from WT or LIF-null
mice were used (Fig. 2 ¢ and d, respectively). OMP was used as
a control to visualize the distribution of mature neurons (Fig. 2
e and f); expression of OMP is absent from immature neurons
and neuronal precursors located in the lower one-third of the
epithelium.

LIF binds to a receptor complex consisting of LIF receptor 3
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Fig. 2. LIF expression in olfactory epithelium. (a-f) In situ hybridization
analysis of LIF in olfactory epithelium. Expression of LIF mRNA was determined
in coronal sections of adult mouse nasal cavity by using antisense LIF riboprobe
(a and b). To ascertain the specificity of the probe, sense controls were also
performed (c and d). Expression of OMP in olfactory epithelium was also
examined by using antisense and sense OMP riboprobe (e and f, respectively).
(9) Immunoblot analyses of LIF signaling components in olfactory tissues. The
molecular mass (in kDa) is indicated at right.

(LIFRB) and glycoprotein 130 (gp130) to activate Jak (Janus
family tyrosine kinase), which in turn phosphorylates STATSs
(signal transducers and activators of transcription) (41, 42).
LIFRB, gp130, Jak2, tyrosine kinase 2 (Tyk2), STAT1, STAT3
were all expressed in the rat olfactory tissues (Fig. 2g). As in vitro
culture models were used in this study, total lysates from primary
cultures of ORNs were also analyzed. The expression of LIFRp,
gp130, Jak2, Tyk2, STATI1, and STAT3 was also detected in
primary cultures of ORNs (data not shown). Thus, LIF and its
signaling components are positioned to mediate autocrine/
paracrine effects on ORN maturation. We also observed ex-
pression of LIFR«, Jakl, and STATSb in ORNs by reverse
transcription-PCR analysis, even though we could not detect
them by Western blot (data not shown). Expression of other
STAT family members intimates that other cytokines may also
affect the olfactory system by means of the activation of STAT1
and/or STAT5b.

LIF Activates the Jak/STAT Pathway in ORNs. We wished to deter-
mine the signaling pathway that might mediate the inhibitory
effects of LIF on ORN maturation. We used dissociated primary
cultures containing ORNs (33). We used phospho-specific
STAT3 antibodies, and demonstrated that LIF (10 ng/ml) in-
duced STAT3 phosphorylation on tyrosine 705 (Fig. 3a). The
LIF-induced STATS3 activation was blocked by preincubation
with K252a (100 nM), a cell-permeable tyrosine kinase inhibitor.
The effect of LIF was dose-dependent (data not shown). Even
though STAT1 was expressed in ORNs, LIF did not activate
STAT1 (data not shown). On stimulation, STATSs are phosphor-
ylated, dimerize, translocate into the nucleus, bind to DNA, and
regulate gene expression (43). In primary ORN cultures, only the
cells treated with LIF showed an increase in tyrosyl phosphor-
ylated STAT3 (Fig. 3b) and a translocation of activated STAT3
into the nucleus (Fig. 3c). Electrophoretic mobility shift assay
showed that a low-level of constitutive DNA binding (SIE) was
present in cells incubated with vehicle alone (Fig. 3d). After LIF
treatment, STAT3 DNA binding activity was greatly increased.
Preincubation with K252a blocked LIF-induced STAT3 binding
to DNA. Incubation of complexes with anti-STAT3 antibody
resulted in a super shift of the DNA-STAT3 binding complex
(Fig. 3d). Among other cytokines that share the gp130 receptor,
only oncostatin M (OSM) showed significant STAT3 activation,
whereas IL-6, ciliary neurotrophic factor (CNTF), and granu-
locyte colony-stimulating factor were unable to activate STAT3.
These results demonstrate that LIF activates STAT3 in ORN:S,
and that STATS3 is positioned to mediate the inhibitory effects
of LIF on the maturation of ORNSs.

LIF Inhibits the Expression of OMP in Vitro. The overexpression of
OMP in the olfactory epithelium of LIF-deficient mice implies
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Fig.3. LIFinduced activation of STAT3 in ORNSs. (a) Western blot analysis of
LIF-induced STAT3 activation. Tyrosyl phosphorylated STAT3 was detected by
using an anti-phosphoSTAT3 antibody. Primary cultures of ORNs were treated
with or without LIF (10 ng/ml) for 15 min. K252a (100 nM) was added before
stimulation for 30 min. (b) Immunocytochemical analysis of the activation of
STAT3 with LIF addition. Primary cultures of ORNs were treated with LIF (10
ng/ml) for 15 min. After fixation, immunocytochemistry was performed using
anti-phospho-STAT3 antibodies. (c) Immunofluorescence analysis of the trans-
location of STAT3 into the nucleus on LIF stimulation. Primary cultures of ORNs
were treated with LIF (10 ng/ml) for 15 min. After fixation, immunofluores-
cence was performed with anti-phospho-STAT3 antibodies. The translocation
of STAT3 into the nucleus was visualized by using rhodamine-conjugated
antibodies and CyQUANT GR dye. STAT3 proteins in the nucleus appear
yellow. (d) Electrophoretic mobility shift assay. LIF-induced DNA binding
activity of STAT3. * indicates SIE-STAT complex. Primary cultures of ORNs were
incubated for 15 min as described above. K252a was preincubated for 15 min
before stimulation. As a control, no cell lysate was added. The isolated nucleus
fractions were incubated with radioactive-labeled SIE and subjected to 4%
polyacrylamide, nondenaturing gel electrophoresis. For antibody supershift
assay, SIE-STAT3 complex was incubated with anti-STAT3 antibodies (1 ng) for
15 min. ** indicates the supershifted SIE-STAT complex.

that LIF may negatively regulate OMP expression in developing
ORNS. To examine this possibility, ORN cultures were incubated
in standard medium containing 0.5% serum and either NGF (25
ng/ml) or LIF (10 ng/ml), and analyzed immunocytochemically
at later time intervals. NGF is known to be crucial for the
survival and development of sympathetic neurons and a subset
of sensory neurons (44). In the olfactory system, NGF is reported
to be a critical factor for ORN differentiation in vitro (33). In
control (no growth factors added) or LIF-treated cultures, less
than 10% of O/E-1 immuno-positive cells displayed OMP
immunoreactivity (Table 1). NGF treatment increased OMP
immunoreactivity to approximately 25% of the O/E-1 immuno-
positive cells. However, the number of OMP expressing cells was
reduced to baseline amounts when LIF was added to NGF-
treated cultures. In all culture conditions, the number of O/E-1
expressing cells was not significantly changed, suggesting that the
changes in the numbers of OMP-expressing cells did not reflect
changes in total cells present because of increased neurogenesis
or survival at the times monitored. Thus, in vitro data obtained
by using ORN cultures confirm in vivo data derived by using
LIF-null mice, and indicate that LIF negatively regulates OMP
expression in ORNSs, and hence inhibits the maturation of ORNSs.

Dominant Negative STAT3 Inhibits the Effect of LIF in ORNs in Vitro.
To confirm the role of STAT3 in LIF-mediated inhibition of
ORN maturation, we transfected ORNs with a dominant neg-
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Table 1. Effect of LIF on ORN maturation

Treatment
Cells None NGF LIF NGF + LIF
OMP (+) cells 9.7 +0.5 25.1%** =11 7.0+0.5 10.5+0.5
O/E-1(+) cells 97.6 = 2.3 100.7 £ 6.3 90.8 = 3.0 100.3 = 3.6

Olfactory cells were cultured for 4 days in medium containing NGF (25
ng/ml) or LIF (10 ng/ml). Data represents numbers of stained cells. Cells
expressing OMP and O/E-1 were determined by using anti-OMP antibodies
(OMP) and anti-O/E-1 (O/E-1). Cells were counted in area of 1 mm2 (1 X 1 mm;
width X height). The areas were randomly selected from at least 10 different
areas from three independent experiments. Data are mean = SEM, and
statistical significance is indicated as *** (P < 0.0001, Student's t test).

ative form of STAT3 (STAT3 Y705F) (36) fused with GFP.
ORNs were transfected with control vector or STAT3 Y705F
vector, and incubated in medium containing NGF with (Fig. 4
d—f and j-I) or without (Fig. 4 a— and g—i) LIF. With NGF
treatment and vector alone, the number of OMP-positive cells
was about 70% of the GFP (+) cells in cultures (67.11% =+
1.76%) (Fig. 4 a— and m). When cells were transfected with
vector alone, LIF treatment decreased the number of OMP-
positive cells to about 50% (36.07% * 1.33%, P < 0.0001) (Fig.
4 d—f and m). However, LIF treatment was not able to inhibit
OMP expression in cells transfected with STAT3 Y705F vector
(70.95% = 5.92%; P = 0.0004, when comparing LIF-treated cells
transfected with vector to LIF-treated cells transfected with
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Fig.4. Transfection of dominant negative STAT3 into ORNs. Transfection of
dominant negative STAT3 abolished the effect of LIF on OMP expression of
ORNS. a-l. Primary cultures of ORNs were transfected with vectors containing
dominant negative STAT3. Transfection of vectors was confirmed by expres-
sion of GFP. OMP and GFP were visualized by immunofluorescence. Immuno-
fluorescence was assessed in ORNs transfected with control vector (pEGFP)
(a-f) and with dominant negative STAT3 vector (pEGFP-D/N STAT3) (g-/).
ORNs were incubated in medium containing NGF either without (a-c and g-i)
or with LIF (d-f, j-/). Expression of OMP and GFP was visualized by FITC- and
rhodamine-conjugated antibodies respectively, thus, coexpression is visual-
ized asyellow. (m) Summary of the effect of dominant negative STAT3 on OMP
expression in ORNs. OMP expression in ORNs was significantly decreased in
medium containing LIF (100 ng/ml) than in medium containing NGF (25 ng/ml)
alone (P < 0.0001, Student’s t test). The effect of LIF was abolished by
transfection of dominant negative STAT3 in ORNs (P = 0.0004, Student's t
test). Cell numbers were counted from three independent experiments. Data
represent mean = SEM.
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STAT3 Y705F vector; Fig. 4 j—m). These results indicate that LIF
inhibits ORN maturation through the activation of STAT3.

STAT3 Binds to the OMP Promoter Region. The expression of OMP
is regulated by tissue-specific transcription factors, including
O/E-1 and nuclear factor I (NFI), as is the expression of many
of the other known odorant signaling components (45, 46). The
promoter region of OMP contains three transcription factor
binding sites: two O/E-1 binding sites (distal and proximal sites)
and an NFI-like site (Fig. 5a). NFI is known to be adjacent to the
distal O/E-1 site and negatively regulate gene expression in
ORNSs (46). By sequence analysis, we identified a potential STAT
binding site (SIE) in the promoter regions of OMP (—88 to —79),
which is close to proximal O/E-1 sites (Fig. 5Sa). We used purified
active STAT3 protein to examine the binding of STATS3 to this
region. We generated two competitor probes containing either
OMP SIE sequences or mutated OMP SIE sequences. Activated
STAT3 bound to the OMP SIE region (Fig. 5b). Incubation with
cold competitor probes blocked this binding, whereas incubation
with a mutated competitor probe could not block binding. This
finding suggested that the binding of STAT3 in the OMP SIE
region was specific. Thus, STAT3 may binds directly to the OMP
promoter region to negatively regulate OMP expression in
ORNE.

Discussion

In this study, we demonstrated that LIF-mediated STAT3 acti-
vation serves as a negative modulator of ORN differentiation.
ORNSs senesce throughout life, and are continually replaced
from a population of precursor cells. These precursor cells are
maintained at various stages of maturation, as identified by
developmental markers (22, 47). Thus, mature neurons that are
lost through normal turnover or injury can be replaced rapidly
by the terminal differentiation of immature neurons already in
residence in the olfactory epithelium.

We used both in vivo and in vitro models and investigate the
role of LIF in ORN maturation. OMP has served as a marker for
ORN maturity because it is expressed exclusively in mature
ORNs (31). Moreover, OMP expression is observed only if
developing neurons reach the target olfactory bulb (48). The
stage that neurons reach the target and form synapses is
generally regarded as a critical period for neuronal maturation.
Thus, it is reasonable to investigate the maturation of ORNSs by
using OMP as a marker. We also used another marker, ACIII.
ACIII is a critical enzyme in the odorant signal transduction
cascade (49), and its expression is restricted in olfactory epithe-
lium to olfactory receptor neuronal sensory cilia (28). Because
the development of cilia is another criterion for the maturity of
ORN:Ss (39) and ACIII is expressed in the cilia concomitant with
ORN maturation (28, 29), ACIII is therefore another appropri-
ate marker of ORN maturity (29, 39). Here, we observed that the
expression of OMP and ACIII was increased in LIF-null mice
without affecting the total number of neurons in the olfactory
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epithelium, which indicate that a primary effect of LIF is to
“temper” ORN maturity, and thus may support the maintenance
of a population of immature neurons.

Here, we propose a novel role for LIF, that it regulates the
terminal differentiation of ORNSs. Previously, LIF has been
implicated in delaying the differentiation of several embryonic
cell types, including embryonal carcinoma cells (50) and embry-
onic stem cells (51, 52). LIF has also been shown to affect
neuromuscular junction genesis (53). LIF is expressed in embry-
onic muscle, and delayed the maturation of the developing motor
unit by transiently delaying the withdrawal of excess inputs from
polyneuronally innervated myofibrils. LIF may delay the matu-
ration of ORNSs in a similar manner, though the direct effect of
LIF on olfactory receptor neuronal synaptogenesis is unknown.

LIF mRNA is present throughout the layers of olfactory
epithelium in which either mature or immature ORNs exist. Our
observation differs from those in a recent immunohistochemical
study that concluded that LIF was not expressed in the olfactory
epithelium unless injury occurred (21). The discrepancy may
reflect a lower sensitivity of detection by immunological meth-
ods used in the other study. The specificity of the signal detected
by in situ hybridization is confirmed by using olfactory epithe-
lium obtained from LIF null mice. The localization of LIF
message to neurons of the olfactory epithelium indicates that
LIF acts as an autocrine/paracrine factor to regulate differen-
tiation. The components of the receptor that mediates LIF
actions and associated downstream signaling molecules are all
expressed in the olfactory epithelium as well, supporting an
autocrine/paracrine function for LIF. The expression of LIF in
mature ORNs may serve as a paracrine factor to deter the
terminal differentiation of immature ORNSs. Thus, when mature
ORN s are lost through normal turnover or damages, the ambient
levels of LIF closed to these ORNs are reduced, favoring the
maturation of neighboring immature neurons. The expression of
LIF in immature ORNs may serve as an autocrine factor to
maintain the population of immature ORNSs in the olfactory
epithelium.

LIF is a member of a family of cytokines that includes IL-6,
IL-11, OSM, CNTF, and cardiotrophin 1 (CT-1); these factors
are reported to display similar functions in many cases (see
review in ref. 8). IL-6 and CNTF showed no significant STAT3
activation in ORN cultures, whereas OSM did activate STAT3.
Different from IL-6 and CNTF, OSM binds to two receptor
complex forms, OSM receptor/gp130 and LIF receptor 3/gp130
with different binding affinities (54). The latter receptor com-
plex is the one activated by LIF, OSM, and CT-1. The role of
OSM in the olfactory system in vivo has not been reported, so it
is unclear that the functional redundancies found between LIF
and OSM in vitro are representative of their in vivo roles (55).

STAT3 mediates the effect of LIF on ORN differentiation.
Transfection of cultures with a dominant negative form of
STAT3 prevented the ability of LIF to inhibit OMP expression.
We hypothesize that activated STAT3 binds directly to the
OMP promoter to negatively regulate the expression of genes
involved in the terminal differentiation of ORNs. We identi-
fied a potential STAT3-binding site in the promoter region of
OMP, and demonstrated that active STAT3 indeed binds to
this region. Interestingly, the promoter regions of ACIII (—192
to —183) and Goir (—438 to —429) also contain potential
STAT-binding sites between the O/E-1 binding sites and
transcription initiation sites. These signaling components
(ACIII and G) are expressed in the cilia of ORNs (28-30)
and are central to odorant signal transduction. In contrast, the
olfactory cyclic nucleotide-gated channel (OcNC) subunit 1
(56), another important signaling component in odorant trans-
duction (49), does not contain a potential STAT-binding site
in its promoter region (—255 to +18). OcNC subunit 1 is
expressed much earlier during olfactory neurogenesis than
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ACIIL, Gy, or OMP (29, 57). The lack of a potential STAT-
binding site in the promoter region of OcNC subunit 1 is
consistent with our hypothesis that STAT3 mediates expres-
sion of proteins relevant to terminal neuronal differentiation.

Our studies support the hypothesis that the ORN population
is in a dynamic equilibrium (27). Our working model is that the
number of mature ORNSs is tightly regulated by feedback mech-
anisms between neurons at various stages of development. LIF
plays an important role in maintaining a population of immature
neurons. During neurogenesis, immature neurons not yet in
contact with mitral cells in the olfactory bulb acquire sensitivity
to LIF; STATS3 activation inhibits the maturation of these cells
and may act as a trophic factor for neurons not yet in contact with
the olfactory bulb. These neurons are likely required to be
available to occupy synaptic spaces vacated by dying mature cells
so that olfactory function can be restored quickly (58, 59). As
mature neurons senesce and die, trophic factors are released,
such as NGF (60), which antagonize the effects of LIF (61, 62)
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and promote terminal differentiation. The fate of immature
ORNs therefore depends on which signal prevails, in this case,
either NGF or LIF.

The postnatal neurogenesis that occurs in the olfactory system
is not unique, given the discovery that stem cells exist in the adult
brain (2, 5, 63). LIF mRNA is highly expressed in dentate gyrus
of the adult rat hippocampus (64), where postnatal neurogenesis
occurs. Although the role of LIF in this context is unknown, LIF
may function in the adult brain to arrest maturation of neuronal
precursors. Our results implicate a potential role of neuropoietic
cytokines, regulating maturation during postnatal neuronal
development.
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